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Axions, the hypothetical particles restoring the charge-parity symmetry in the strong sector of the
Standard Model, and one of the most prone candidates for dark matter, are well-known to interact
with plasmas. In a recent publication [Phys. Rev. Lett. 120, 181803 (2018)], we have shown that
if the plasma dynamically responds to the presence of axions, then a new quasi-particle (the axion
plasmon-polariton) can be formed, being at the basis of a new generation of plasma-based detection
techniques. In this work, we exploit the axion-plasmon hybridization to actively produce axions
in streaming magnetized plasmas. The produced axions can then be detected by reconversion into
photons, in a scheme that is similar to the light-shining-a-wall experiments.
Introduction. Axions and axion-like particles are hy-
pothetical particles (ALPs) that have been proposed to
solve the strong CP problem [1–3]. At the origin of the
latter, is the fact that non-perturbative (instanton) ef-
fects force the QCD Lagrangian to contain a total deriva-
tive with an arbitrary parameter (an angle θ) which does
not vanish at infinity, therefore violating the CP symme-
try. This is in blatant contradiction with the fact that
strong interactions conserve CP [4]. Strong bounds on
the neutron electric dipole moment imply that θ <∼ 10−9
for the QCD to be compatible with the experiments [1].
A first, dynamical mechanism allowing θ → 0 was put
forward by Peccei and Quinn [5], with the axion be-
ing later identified as the Goldstone boson associated to
the spontaneous symmetry breaking of the continuous
Peccei-Quinn U(1)PQ symmetry [6, 7].
Axions and ALPs are predicted to have an extremely
small mass (possibly in the meV range) and couple very
weakly to ordinary matter. For that reason, ALPs be-
came appealing candidates (arguably, the most well the-
oretically motivated) to fix the dark matter puzzle as
well [8, 9]. Many facilities have been built with the goal
of observing axion or ALP signatures, both based on
laboratory and astrophysical observations [10–12]. How-
ever, given the smallness of the axion-photon coupling,
testing the axion is difficult, rendering most of the ex-
perimental observations inconclusive. Telescope exper-
iments, such as CAST - the most recent results estab-
lishing g < 0.66 × 10−10 GeV−1 for mϕ < 0.02 eV at
the 2σ level [13] -, and ADMX [14–16], IAXO [17] and
MADMAX [18], investigating more precise regions of the
QCD axion parameter space, are designed to probe ax-
ions produced by astrophysical objects. By construction,
these experiments rely on a passive approach, in the sense
that no axion production is envisaged. It is therefore de-
sirable to look for alternatives, where axions could be ac-
tively produced in the lab. This motivation is at the basis
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FIG. 1. (color online). Sketch of a “plasma shining a wall”
(PSW) experiment based on the beam-plasma instability. A
collimated electron beam (blue arrows) is injected into a cold
plasma (blue shadow), leading to the growth of plasmons (p).
The longitudinal magnetic field B0 then converts the plas-
mons into axions or ALPs (ϕ). The plasma and its radiation
are blocked by a wall. The axions passing the wall are finally
converted back into photons (γ) in the transverse magnetic
field B⊥, being probed by a single-photon microwave detec-
tors.
of the “light shining throw a wall” (LSW) strategy [19],
such as those implemented by ALPS II [20] and OSQAR
[21], using near infrared and visible light, STAX [22] and
CROWS [23], using sub-THz and microwave radiation.
One important limitation of the previous LSW schemes
is the extremely low value of the axion-photon (and vice-
versa) conversion probabilities, a fact than can be some-
how circumvented by allowing axion conversion to take
place in a plasma [24]. Actually, there is a recent hype
around plasmas in the context of particle physics. The
wakefield acceleration paradigm, for example, has gained
much breath as it reveals to be an efficient way to ac-
celerate particles [25–27], as recently demonstrated by
the latest experiments by the AWAKE collaboration [28].
Interestingly, recent theoretical studies have pointed out
that such wakefields could ultimately be used to produce
ALPs in the lab [29–31], and that petaWatt lasers could
also do the job [32]. Plasmas are also playing a promi-
nent role in axion astrophysics, as they have been put
forward as veicules for efficient axion-photon conversion
in the atmosphere of magnetars [33–35].
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2In this Letter, we show that axions and axion-like par-
ticles can be actively produced in an unstable magne-
tized plasma, putting forward the physical principle for
a “plasma shining a wall” (PSW) strategy. If an ener-
getic electron beam is injected in the plasma, unstable
electron waves, or plasmons, are produced. This effect is
dubbed in the literature as the beam-plasma instability
[36, 37]. The growing plasmon perturbation then pro-
vides the energy to the growth of axions. A schematic
representation of the process is depicted in Fig. 1. In the
absence of axions, the plasmons are insensitive to the
magnetic field; however, if axions exist, they admix with
the plasmons, leading to the formation of a hybrid quasi-
particle, the axion-plasmon polariton [38]. As such, if
the plasmons become dynamically unstable, their small
axion component will also grow, leading to an efficient ax-
ion production in laboratory conditions. As a matter of
fact, plasmon-axion mixing (differing from photon-axion
mixing in plasmas) has been first considered in Ref. [39],
although no physical consequences have been exploited
there. Our estimates based on realistic experimental
conditions show that a remarkably high plasmon-axion
conversion probability can be achieved, as a consequence
of the beam-plasma instability. We predict a detectable
photon signal for the axions passing the wall. Some im-
plications in the radio signals emitted by pulsars are also
discussed.
Beam-plasma instability in magnetized plasmas. The
minimal electromagnetic theory accommodating the
axion-photon coupling can be constructed as follows (~ =
c = 1) [40, 41]
L = −1
4
FµνF
µν −AµJµe + Lϕ + Lint, (1)
where Fµν = ∂µAν − ∂νAµ is the electromagnetic
(EM) tensor, Jµe is the electron four-current, and Lϕ =
∂µϕ
∗∂µϕ −m2ϕ|ϕ|2 is the axion Lagrangian (with ϕ de-
noting the axion field). For the QCD axion, mϕ =√
zfpimpi/fϕ, where z = mu/md is the up/down mass
ratio, and fϕ(pi) is the axion (pion) decay constant
[5, 6]. Upon integration of the anomalous of the axion-
gluon triangle, one obtains Lint = −(g/4)Fµν F˜µν , where
F˜µν = µναβFαβ denotes the dual EM tensor and g is
the axion-photon coupling. Although motivated for the
QCD axion, the remainder of the paper is valid for any
ALP. From Euler-Lagrange equations, one obtains the
Maxwell’s equations [38], in particular the Poisson equa-
tion
∇ · (E+ gϕB) = ρ, (2)
and the Klein-Gordon equation describing the axion field
(
+m2ϕ
)
ϕ = gE ·B, (3)
with  = ∂2t − ∇2 denoting the d’Alembert operator.
In the situation of an electron beam propagating inside
the plasma, ρ = e(ni − ne − nb), where ni, ne and nb
respectively represent the ion, electron and beam densi-
ties. As we are interested in electron plasma waves only,
we can assume the ions to be immobile. Thus, the equa-
tions governing the dynamics of the plasma and beam
electrons are given by
∂nα
∂t
+∇ · (nαuα) = 0, (4)
with α = {e, b}, and(
∂
∂t
+ uα ·∇
)
uα = − e
γαme
(E+ u×B) , (5)
where γα = (1 − u2α)−1/2 is the Lorentz factor. In the
following, we will consider the plasma electrons to be
initially at rest (γe ' 1), while the beam electrons prop-
agate with velocity u0. We are interested in describing
the electrostatic perturbations along a static, homoge-
neous magnetic field B = B0ez. As such, owing to the
quasi-neutrality condition of the plasma, we perturb the
densities as ne = n0+n˜e and nb = fn0+n˜b (here, f is the
fraction of the electrons in the beam), and the axion field
as ϕ = ϕ˜ (neglecting the presence of a v.e.v., ϕ0 = 0) to
obtain
∂2
∂t2
n˜e − en0
me
∂E
∂z
= 0,(
∂
∂t
+ u0
∂
∂z
)2
n˜b +
f
γ0
en0
me
∂E
∂z
= 0,(
∂2
∂t2
−∇2 +M2ϕ
)
∂ϕ˜
∂z
− gB0 ∂E
∂z
= 0.
(6)
After Fourier transforming, this allows us to write Eq.
(2) as ik[(k, ω)E] = 0, where
(k, ω) = 1− ω
2
p
ω2
− f
γ0
ω2p
(ω − ku0)2
− Ω
4
ω2(ω2 − ω2ϕ)
− f
γ0
Ω4
(ω − ku0)2(ω2 − ω2ϕ)
(7)
is the dielectric permittivity, ωp =
√
e2n0/(me) is the
plasma frequency, and ω2ϕ = M
2
ϕ + k
2, with Mϕ =√
m2ϕ + g
2B20 being the axion effective mass in the
plasma. Here,
Ω =
√
gB0ωp ∼ 2pi × (1.2 Hz)
√
g × 1013
GeV−1
B0
T
ωp
GHz
(8)
is the axion-plasmon coupling parameter (Rabi fre-
quency). In the absence of the beam (f = 0), Eq. (7)
yields the lower (L) and (U) polariton modes [38]
ω2L(U) =
1
2
(
ω2ϕ + ω
2
p ∓
√
(ω2ϕ − ω2p)2 + 4Ω4
)
. (9)
Conversely, in the absence of axions, Eq. (7) describes
the celebrated beam-plasma instability [36, 42]. For
3FIG. 2. (color online). Top panel: Dispersion relation of the
axion-plasmon polariton in the streaming instability situa-
tion. The dashed lines are the bare dispersions. Axion (red),
plasmon (blue) and electron beam (grey). The black solid
lines depict the real part of the modes, while the green line
represents the imaginary part of the coalesced plasma-beam
mode. For illustration, we have set f = 0.1, mϕ = 0.3ωp,
u0 = 0.99 and the exaggerated value Ω = 0.1ωp. Bottom
panel: the axion (red curve), plasma (blue curve) and beam
(grey curve) fractions in the unstable mode, as obtained by
extracting the eigenvalues of Eq. (6).
modes satisfying the condition k ≤ kc, with
kc =
ωp
u0
(
1 + ν1/3
)3/2
, (ν = f/γ0) (10)
being the cut-off wavevector, the plasma and the beam
(with dispersion ω =
√
νωp + u0k) modes coalesce and
the resulting dispersion relation becomes complex. In
the unstable region, the dispersion relation of the plasma
reads ω ' ωr + iγp, where ωr = u0k(1 − ν2/3) and γp is
the instability growth rate [36, 42]
γp =
ν2/3√
3(1 + ν4/3)5/2
u20k
2
ωp
[
ω2p
u20k
2
(
1 + ν4/3
)3
− 1
]1/2
.
(11)
The most unstable mode, occurring at k ' ωp/u0, grows
at the rate γmaxp ' 0.69ν2/3ωp. These features are de-
picted in Fig. 2 a).
Plasmon-axion conversion. Given the smallness of Ω,
the instability does not change noticeably in the perspec-
tive of the plasma, and therefore the discussion above
holds even in the presence of axions. However, and more
crucially, the small fraction of axion that participates in
the beam-plasma dynamics leads to the production of
axions. The fractions (i.e. the eigenvectors) can be de-
termined by solving the eigenvalue problem in Eq. (6)
numerically, as illustrated in Fig. 2 b). The axion pro-
duction mechanism can thus be understood as follows:
the beam transfers energy to the plasma, which becomes
unstable; then, the magnetic field mixes the axion and
the plasmon modes, allowing the latter to be converted
into the former. To estimate this, we notice that the cou-
pling between the axion and the plasma is much larger
than that with the beam, resulting in the separation
of scales ω2p  Ω2  νΩ2. Under this conditions, we
can solve Eqs. (6) numerically to compute the plasmon-
axion conversion probability in the beam-plasma config-
uration. In the quasi-linear diffusion regime, allowing to
accommodate the instability saturation by substituting
γp → γp[1−9ω4pn(t)2/(8γ4pn20)] in the eigenvalue problem
[43, 44], we obtain the following piecewise function (see
[45] for details)
Pp→ϕ =

e2γptP oscp→ϕ, t ≤ τsat
e2γpτsatP oscp→ϕ, t > τsat
(12)
where τflight = L/vϕ (with vϕ = ∂kωϕ) is the ax-
ion time-of-flight in a plasma column of size L, and
τsat ∼ ν1/3ωp/γ2p is the instability saturation time. Here,
P oscp→ϕ =
g2B20 sin
2
[
t
2
√
g2B20 − (ωr − ωϕ)2
]
4
[
g2B20 − (ωr − ωϕ)2 − γ2p
] (13)
is the oscillating probability in the plasma [45]. For a dis-
charge plasma column of size of L ∼ 3.15 m and plasma
frequency ωp ∼ 2pi×1 GHz in a magnetic field of B0 ∼ 1
T, with a growth rate of γp ∼ 10−2ωp at resonance, and
taking g ∼ 10−14 GeV−1, we obtain Pp→ϕ ∼ 10−21
for the most unstable mode, k ∼ ωp/u0. This hap-
pens for sufficiently light axions mϕ <∼ 0.1ωp, for which
τflight < τsat. For higher values of the mass, τflight > τsat,
and the saturation probability can go up to 10−16 [45].
The axions resulting from the PSW experiment above
can then be sent into a regeneration chamber and be
eventually converted into photons, similarly to what is
done in the LSW schemes [19]. For that task, we consider
a homogeneous, transverse magnetic field B⊥ in a cavity
of length d, for which the corresponding axion-photon
conversion rate is given by Pϕ→γ ' sin2 Θ sin2(∆kd),
where tan(Θ) = gB0ω/(m
2
ϕ − m2γ) is the mixing angle
and ∆k = |
√
ω2 −m2ϕ−
√
ω2 −m2γ | is the axion-photon
momentum difference and mγ is the photon mass in the
buffer gas [24]. To estimate the order of magnitude of
the photon flux at the detector, we relate the energy E
delivered in the plasma by an electron beam of energy
Eb and density fn0 to the number of plasmons created,
4FIG. 3. (color online). Photon counts per second in the PSW
scheme, computed for a regeneration path of d = 10 m in
a transverse magnetic field B⊥ =10 T. The black line de-
picts the estimated sensitivity after an observation time of 100
hours. Here, we have considered a 1 m3 plasma in a cylindri-
cal column of L = 3.15 m with plasma frequency ωp = 2pi× 1
GHz in B0 = 1 T magnetic field. The electron beam con-
centration is f = 0.1, with an energy of Eb = 3 MeV and a
repetition rate Rb = 100 Hz.
i.e. E/V = fn0Eb = Npωp/V = Nϕωp/(V Pp→ϕ), with
Np(ϕ) denoting the average number of plasmons (axions).
Assuming that the beams can be injected in a plasma at
the repetition rate Rb, we finally obtain the number of
photons detected per unit volume
N˙γ
V
' Rb
ωp
fn0EbPp→ϕPϕ→γdet, (14)
where det is the efficiency of the single-photon detector.
For the conditions discussed above, and assuming a mag-
netic field of B⊥ = 10 T to be homogeneous in a cavity
of length d = 10 m [19], a detector of efficiency  = 0.9
is able to detect resonant axions ωϕ ∼ ωp after an obser-
vation time of 100 hours. This remarkable property of
axion amplification in plasmas make PSW experiments
good candidates to probe the QCD axion. A theoreti-
cally estimated sensitivity in the g −mϕ plane (normal-
ized to the plasma parameters, for generality) relative
the proposed PSW scheme is depicted in Fig. 3. In our
estimates, we have considered the case mγ = 0, but the
sensitivity can by the improved by introducing a buffer
gas in the recombination chamber.
Axion production in pulsars. Our findings can also be
interesting to identify axion production via plasma insta-
bilities taking place in magnetar magnetic pole caps. As
it is known, alongside with the gamma-ray emission tak-
ing place in the region of high-density, boosted plasma
[46], the beam-plasma instability leads to the formation
of plasma bunches that generate radio emission via the
curvature effect [47, 48]. During this process, the pro-
duced axions may be resonantly converted into photons
at the radius rc related to the Goldreich-Julian magne-
tosphere density [49, 50]
nc =
2piB0
eP
1
1− 4pi2r2c sin2 θ/P
, (15)
where P is the pulsar period and θ is the polar an-
gle with respect to the rotation axis. For θ = 90◦,
the corresponding plasma frequency is ωp/2pi ' (1.5 ×
102 GHz)
√
(B/1014 G)(1 sec/P ), yielding ωp ∼ 2pi × 98
GHz for the SGR J145-2900 magnetar (P ' 3.76 s,
B0 ' 1.6× 1014 G [51, 52]), a value not too far from the
discharge plasma discussed above. There are two elec-
tromagnetic modes propagating in a transverse magnetic
field: the ordinary (the O-) mode, with parallel polar-
ization E ‖ B0, and the extraordinary (the X-) mode,
of perpendicular polarization E ⊥ B0 [36]. From Eq.
(3), it is clear that only the former can result from the
axion-photon decay process, and satisfies the dispersion
relation ω2 = ω2p + k
2. Since only photons with fre-
quency larger than the ωp escape the plasma, and given
that the plasma instability terminates at the cut-off fre-
quency ωc =
√
m2ϕ + k
2
c , axion-photon conversion will
occur in the range ωp ≤ ω ≤ ωc. For resonant conver-
sion, ωp ' mϕ, the cut-off frequency reads
ωc =
√
m2ϕ + k
2
c '
√
2ωp
[
1 +
3
4
(
fme
Eb
)1/3]
, (16)
valid for relativistic electron beams, Eb  me. Assuming
the electron beam to be much more energetic than the
electron-positron plasma (making the cold plasma model
valid), and taking a beam relativistic factor of γ0 ∼ 106,
we estimate a cut-off frequency of ωc ' 2pi×137 GHz. As
such, a signal in the range 98 GHz ≤ ω/2pi ≤ 137 GHz
might be expected for the conditions of the experiment
proposed in Refs. [34, 53], based on axion dark mat-
ter conversion (notice that in our case we do not need
a dark matter background). At this stage, however, we
can not commit whether or not the axions produced via
streaming instability can be detected within the sensitiv-
ity of telescopes such as CAST or the Arecibo Telescope
for the typical observation periods (this would involve a
more detailed calculation of the beam injection rates, in-
tensity, energies etc.), but we anticipate that the narrow
spectrum in Eq. (16) would be a clear signature of this
process.
Conclusion. We have shown that a magnetized plasma
can be an active source of axions and axion-like particles.
For that, we exploit the beam-stream instability triggered
by a monoenergetic electron beam to convert plasmons
into axions. The production mechanism is based on the
transfer of energy from the electrons to the small axion-
plasmon admixture, the later being a consequence of the
axion-plasmon polariton coupling occurring in magne-
tized plasmas [38]. An estimation of the sequent con-
version of the axion into a photon in a transverse mag-
netic field suggests that our schemes can compete with
1some of the existing light-shining-through-a-wall exper-
iments such as ALPS and OSQAR [21, 54, 55]. Based
on realistic parameters, we estimate a discharge plasma
column of size L ∼ 3 m, in a magnetic field of the order
of 1 T, excited by a 3 MeV-electron beam may be able
to produce axions close to the QCD region. Our find-
ings will certainly urge the design of a “plasma-shining-
a-wall” setup in the near future. On the other hand,
given the abundance of astrophysical bodies displaying
beam-plasma and beam-beam instabilities, we anticipate
that a plethora of new exciting phenomena involving the
dynamics of axions in plasma may arise in the near fu-
ture, adding a new twist to the growing interest on axions
and axion-like particles in astrophysics [33–35, 56–58].
The authors acknowledge FCT - Fundac¸a˜o da Cieˆncia
e Tecnologia (Portugal) through the grant number
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Supplemental Material: Calculation of the
conversion probability in the unstable plasma
We start from the dispersion relation appearing in Eq.
(9) of the manuscript. Using the plane-wave decomposi-
tion
n(z, t) =
∑
k
nke
i(ωt−kz),
ϕ(z, t) =
∑
k
ϕke
i(ωt−kz),
(S1)
it can be written in the form(
ω2 − ω2p
)
nk + igB0
en0k
me
ϕk = 0
(
ω2 − ω2ϕ
)
ϕk − igeB0nk = 0,
(S2)
where ωϕ =
√
m2ϕ + g
2B20 + k
2. We now make use of
the secular approximation (also known as rotating-wave
approximation) to take the slow varying amplitudes only,
by making
ω2 − ω2p = (ω + ωp)(ω − ωp) ' 2ωp(ω − ωp),
and similarly for the term (ω2 − ω2ϕ). Inserting in Eq.
(S2), we obtain
(ω − ωp)nk + igB0 en0k
2ωpme
ϕk = 0,
(ω − ωϕ)ϕk − igB0 e
2ωp
n˜k = 0.
(S3)
We now define dimensionless fields
Ak = ek
2ωpme
ϕk, Bk = nk
n0
,
FIG. S1. Evolution of the beam-plasma instability for the
most unstable mode, k ' ωp/u0. The top panel depicts
the electron density, undergoing exponential growth at early
stages and followed by a saturation in the nonlinear stage
tγp  1. The bottom panel depicts the nonlinear growth rate
γ˜p as a function of time, vanishing after the saturation. In
both panels, the lighter dashed line represents the travel time
for an axion of mass mϕ = 0.1ωp in a plasma column of size
L = 3.15 m, while the darker dashed line marks the satura-
tion time τsat. In the numerical calculations, we have taken
ωp = 2pi× 10 GHz, g = 10−13 GeV−1, B0 = 1 T, f = 0.1 and
u0 = 0.99, considering the instability to start from thermal
noise, nk(0) ∼ 10−6n0.
and replace ω = −i∂/∂t to obtain
∂Bk
∂t
= −iωpBk + igB0Ak,
∂Ak
∂t
= −iωϕAk − igB0
4
Bk
(S4)
In the following, we show that this two-mode model
is sufficient to understand the resonant mode conversion
process taking place in the unstable plasma, avoiding the
necessity to solve the cumbersome problem of introduc-
ing the beam dynamics. As argued in the main text, this
is possible because the smallness of the axion-photon cou-
pling in respect to the plasma frequency allows for the
following separation of scales
ωp  gB0  νgB0.
2As such, the beam-plasma and the plasma-axion prob-
lems can treated iteratively, with the effect of the beam
in the axions being introduced it a posteriori. This is
done by allowing the plasma frequency to become com-
plex, ωp → ωr+iγp, with ωr = u0k(1−ν1/3), as discussed
in the manuscript, and γp being given by Eq. (12) of the
main text. Solving the eigenvalue problem in Eq. (S4)
with the boundary conditions Bk(0) = 1 and Ak = 0, we
can calculate the axion-plasmon conversion probability
of a certain mode k, Pp→ϕ(t) = |〈Ak(t)|Bk(0)〉|2 to be
Pp→ϕ(t) =
∣∣∣∣∣∣∣∣
g2B20 sin
2
[
1
2 t
√
(ωr − ωϕ + iγp)2 − g2B20
]
4
[
g2B20 − (ωr − ωϕ + iγp)2
]
∣∣∣∣∣∣∣∣ .
(S5)
The probability of conversion in a stable plasma can be
easily recovered by taking γp = 0 and ωr = ωp, reading
P stablep→ϕ (t) =
∣∣∣∣∣∣∣∣
g2B20 sin
2
[
1
2 t
√
(ωp − ωϕ)2 − g2B20
]
4
[
g2B20 − (ωp − ωϕ)2
]
∣∣∣∣∣∣∣∣ ,
(S6)
being formally very similar to the expression found for
the axion-photon conversion problem [24]. Thanks to
the imaginary part iγp, the conversion probability can be
quite large for sufficiently large times (see Figs. S1 and
S2 for illustration). In particular, at resonance, ωr = ωϕ,
we obtain
Pp→ϕ(t) ' g
2B20
4γ2p
eγpt, (S7)
where we have used the fact γp  gB0. For a plasma
column the of size L, the axion time-of-flight can be de-
termined as
τflight =
L
vϕ
' Lk√
k2 +m2ϕ
, (S8)
neglecting the small mass correction gB0 introduced by
the plasma. If the latter is sufficiently large, then the sat-
uration of the instability has to be taken into account,
and the exponentially growing probability given in Eq.
(S7) may no longer be valid. To take this effect into ac-
count, we investigate the beam-plasma instability within
the quasi-linear diffusion approximation, where the ef-
fect of the electron trapping due to the plasma waves is
considered [43, 44]. In a first approximation, saturation
effects can be cast by letting the growth rate to become
a time-dependent function
γp(t) ' γp
(
1− 9
8
ω4p
γ4p
nk(t)
2
n20
)
. (S9)
Then, we replace γp by γp(t) in Eqs. (S4) to compute the
electron dynamics. As depicted in Fig. S1, the electron
FIG. S2. Illustration of the plasmon-axion conversion proba-
bility for the near-resonant case ωϕ = 0.99ωp. The dashed line
corresponds to the linear approximation given in Eq. (S5),
while the solid line is the full numerical result (including the
plasma saturations). The dotted line corresponds to the piece-
wise definition in Eq. (S10), interpolating both the linear and
the nonlinear stages of the instability. As one can observe, for
light-enough axions (mϕ = 0.1ωp), the linear approximation
provides an excellent approximation. As previously, we have
chosen ωp = 2pi×1 GHz, g = 10−13 GeV−1, B0 = 1 T, f = 0.1
and u0 = 0.99. The plasma column is set to be L = 3.15 m,
just as in the main text.
density ceases to grow in the late stages of the evolu-
tion, and therefore the instability saturates after a time
τsat ∼ ν1/3γp/ω2p. At this point, the growth rate van-
ishes. This is accompanied by a saturation of the conver-
sion probability, as depicted in Fig. S2. For sufficiently
light axions, however, τflight < τsat, and therefore Eq.
(S5) can be used in the evaluation of the probability. On
the contrary, heavier axions may emerge deep in the non-
linear regime and, therefore, we make use the piecewise
function discussed in the main text,
Pp→ϕ =

e2γptP oscp→ϕ, τflight ≤ τsat
e2γpτsatP oscp→ϕ, τflight > τsat
, (S10)
where
P oscp→ϕ =
∣∣∣∣∣∣
g2B20 sin
2
[
t
2
√
g2B20 − (ωr − ωϕ)2
]
4
[
g2B20 − (ωr − ωϕ)2 − γ2p
]
∣∣∣∣∣∣ (S11)
is the oscillating (non-growing) probability in the plasma.
As it is patent from Fig. S2, this is an excellent interpo-
lation between the linear and nonlinear stages.
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